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The most 1IIl)ortant use of chromium, other than as 
an alloying el�ment in the manufacture ot stainless steel, 
is for electrop1at1ng; to form a coating on other metals 
for corrosion prevention in order to procure longer life, 
and to achieve a decorative effect. 
The physical properties of ohromium are important in
the effectiveness of its uses, and 1ts lattice constant, 
as well as ooett1o1ent ot thermal expansion, seem worthy 
ot exact determination. 
A number of research workers, over a span of thirty 
years, have spent considerable effort in determining the 
aforementioned constants. However, their results do not 
check, and the degree of aoouraoy differs from person to 
person. 
(1) 
Chromium near 37° C was identified by M. E. Fine 
as showing d1soont1nuous changes of ooetf1e1ent ot expansion, 
Young's modulus, internal tr1ot1on, el�ctr1oal resistivity 
and thermoelectric power. Although the X-ray d1ttraotion 
pattern gav� no clue, a difference in the thermal expansity 
(2) 
has been found. D. MacNa1r determined the expans1ty ot 
ohromium by means of an 1nterterometr1o dilatometer, with 
the result that near 38° C the thermal. expansity curve 
(1) Fine, M. E., J. ot Metals '!'ran. A.I.M.E ., p.189, 56, 1951.
(2) MacNa1r, D., Rev. of Sc1ent1f1o Instruments, p. 12, 66,
1941.
went through an inflection point, corresponding to a mini­
mum in the coefficient ot expansion found by Fine. 
The purpose ot this research is to check the results 
obtained by MaoNair and Fine oonoerning the expansion o� 
chromium, and to det�rmine the exact 1att1oe constant and 
therma1 expansion of this metal by the X-ray powder method, 
using different samples, and at different temperatures 
w1 thin the range of 10° to 50° o.
2 
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REVIEW or LITERATUllE 
After the discovery of X-ray d1tfraot1on by crystal 
by M. von Laue, C
3) Friedrich, and Knipping in 1912, the
lattice constant ot chromium oould be easily determine� 
However, the degree ot aoouraoy is dependent upon the purity 
et the sample, the method applied, and the kind ot camera 
used. 
Hlll.l (
4) used a molybdenum target to produce X-rays
and to investigate the lattioe constant or chromium� He 
got a figure of 2. 91 kX 1n 1919. In 1928, A. Westgren (
5
)
used a chromium target, and got a figure of 2. 878 kX for 
the lattice constant� The resul.ts obtained by other inves­
tigators are shown in Table 1. 
D1soh (
S) was the first investigator to publish data 
in 1921 concerning the linear thermal expansion of chromium� 
I>tlring the next year, Chevenard (7) published data on the
linear thermal expansion of 98.3 percent pure chrom.1wn. 
Bidnert (S) publ1 shed data on the linear thermal expansion 
(3) Laue, M., Ann. Phys1.k, p. 41, 971, 1913 reprinted :rrom
an earlier publ1.oat1on in 1912.
(4) Hull, A. W., Phys. Rev. p. 14, 540, 1919.
(5) Westgren, A., J. Iron & Steel Institute, p. 117, 383,
1928. 
(6) Disch, J., z. Physik, p. 5, 173, 1921.
(7 ) Ohevenard., P., Comptes rend. p. 174, 109, 1922.
(8) Hidnertt P., J� of Research of the National Bureau ot
Standaras, p. �6, 81, 1941. 
coeft1c1ent ot 99.3 percent and 98.7 percent pure electro­
lytic chromium in .the y,ears ot 1931 and 1934. These curves 
are shown in Fig. 1. 
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Figure 1. The ourves. ot linear thermal expansion ot 
chromium as obtained by different investigators. 
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TABLE 1 
Figures ot Lattice Constant ot Cr Obtained by Different Investigators 
Name of research workers Name ot p�r1od1cals Target Temp. Lattice 
Oonstant(kX) 
A. W. HUl.l • • • • • • • •  Phys.Rev. p.14, 540, 1919
A. W. HUll • • • • • • • • Phys.Rev. p.17, 671, 1921
Wm. a. Phebus & F.O.Blake Phys.Rev. p.25, 107, 1925 
Wm. a. Phebus & F.C.Blak� Phys.Rev. p.25, 581, 1925 
R. A. Patterson • • • • • Phys.Rev. p. 26, 56, 1925
Oyr11 s. Smith • • • • • Metal Ind. p.28, 456, 1926
Frederick S1llers • • • •  Am.Eleotroohem.Soo.Trans.,
p.52, 301, 1927
A.Westgran, G.Phras,nen, J.Iron & Steel Institute,
p.117, 383, 1928& Tr.Negresoo • • • • •
Xumazo Sasaki & S1nk1t1 
Sekito • • • • • • • • •
Am.Electroehem.aoe.Trans., 
p. 69, 439, 1931
G. D. Preston • • • 
E. R. Jette • • • • 
L.Wright, H�Hirst,
& J.R1ley • • • •  
w. A. Wood • • • • •
• • • J�Iron & steel Institute,
p.124, 139, 1931
• • • A.I.M.M.E.Teoh, 522, 1934
Farad.SOo�Trana., p.31, 
• • •
• • • 
1253, 1935 
Phil�Mag., p.23, 984, 1937 
H. SOchtig • • • • • • • • Ann.Phys., p.38, 97, 1940
M.E.F1ne, E.s.Greiner • •  J.Metals A.I.X.E�Trans,














































SAMPLES USED IN THIS INVESTIGATION 
Four high purity ehromiwn samples were used in this 
investigation. Two of them werP. produced by electrolytic 
methods, and the other two by the iodide method. The io­
dide chromium samples (Batte1le Memor1a1 Institute) con­
sisted of shiny crystals and were of two compositions: 
one sample being very low in metallics, and the other low 
1n non-meta.111os suoh as H2, N2, C, ands. The chemical 
analyses, as given by the manufacturers, d.ifter somewhat 




Compositions of the Four Different High Purity 
Chromium Samples 
Impurity Electro1yt1c Sintered Iodide Iodide (low 
Eleotrolyt1o (1ow meta111o) non-metallic) 
H2 0.0001 0.0009 0.0001 
02 o.ooaa 0.014 0.001 
N2 0.019 0.013 0.001 
c 0.006 0.001 
s 0.003 
Sb 0.01 
Si < o.·001 0.001 
Fe < 0.001 0�005 - 0.1 
Cu (11:0�001 � 0.001 
Mn N.D. 0.001 0.001 - 0.01 
Mg < 0.001 < o. 001 Trace 
Co < 0.001 N. D. 
Ni N.D. < 0.005 
Ti N. D. N. D. 
Pb N. D. N. D.
Ca < 0.001 <. o� 001 'rraoe 
Al N. D.< 0�001 0.0001�0.001 
w N� D.< O�l (2) 0.001 - 0.01 
Mo N� D� N.D. 
Manu- Charles Niagara Battelle Battelle 
facturer:Hard.y, Inc. Falls Memorial Memorial 
Institute Institute 
(1). N.D. means not detected. 
(2). Tungsten probably not present but standard used was only 
this sens1 t1ve. 
PREPARATION OF THE SAMPLES USED !'OR 
X-RAY DIFFRACTION
l. Grinding and Sieving
The purpose ot using tine powder mounts in X-ray dit­
fraction is to obtain sharp, uniform, and unshitted d1t­
tract1on lines on the films. Such lines are necessary tor 
the exact determination ot lattice constants. For this 
reason, the first step in the preparation ot a sample was 
to grind it as tine as possible with a mortar and pestle, 
and then sieve it. Because of plastic deformation, the 
metal, after grinding tor several hours, was in the form 
ot leatl.ets� The powder was then sieved through a 325 
mesh sore�n, shaking the screen only slightly. Only the 
fine powder that passed through the sieve was tilled into 
a silica glass bulb (Fig. 2) to be heat treated. 
r1gur� 2. A sketch of an evacuated and sealed quartz 
glass bulb w1 th Or. powder inside. 
(1). Sealed part; (2). Sample 
8 
9 
2. Evaonation and H�at-treatment
The purpose of heat treatment is to get rid ot hydro­
gen gas dissolved in the metal, and to release strains and 
deformation caused by grinding. However, the temperature 
should not be too high, as excessive grain growth, resulting 
from recrystall1zat1on, shoul d be prevented. As chromium 
oxidizes quickly in the air at elevated temperatures, and 
changes its physical. properties, the heating must be made 
in a vacuum. This can be done by connecting the s111oa 
glass bulb containing the chromium powder with a mechanical 
vacuum pump, which produces a vacuum as low as l micron ot 
Hg. (Fig. 3) To remove the major part of the gases absorbed, 
the sample was heated during evacuation. Atter the best 
Figure 3. Vacuum �ump used for evacuating the silica glass 
bulb (a). 
vacuum obtainable was reached, the silica glass bulb was 
sealed off with an oxygen-gas f'lame. The sealed part of 
the bulb was examined under a miorosoope to be sure that 
10 
no leaks were in the sealed part. The bulb with the sample 
inside was then transferred to the furnace for heat treat-
ment. 
The electric tube-furnace had Ni-Cr wire windings, 
and the temperature in the center of the furnace was meas­
ured by a ohromel-alumel thermocouple and recorded auto­
matically by a Brown potentiometer. The heating temperature 
1n this experiment was 850° C, and the samples were held 
for two and a half hours at this temperature. The arrange­
ment for the heating of the samples 1s shown in Figure 4. 
.t�� 'L�---
Figure 4. The schematic arrangement of the heat treatment 
system. 
(a). Sealed glass bulb oonta1n1ng sample; 
(b). Thermocouple; (c). Electric tube furnace; 
(d). Ni-Cr wire winding; (e). Porcelain boat. 
3. The Powder Mount
At a temperature of 850° C, the grains of the fine 
chromium powder did not stick together, which was a oonven-
11 
ience in making the powder mounts to obtain X-ray diffrac­
tion patterns. For the preparation of the mounts, a thin 
lithium-boron glass hair was used, the constituents ot the 
glass being 1.4 parts by weight of Beco3, 4.3 parts by
weight of L12co3 and 18.3 parts by weight ot B(OH)3• The
diameter ot the glass hair was o.oa mm, and its length 
about 10 mm. One end ot the glass hair was placed in the 
groove at the tip of the adjustable sample holder, while 
the other end was supported by a cork, so that the hair 
was approximately parallel to the length ot the groove. 
A drop of liquid glue (Dekadhese plastic cement) was then 
spread over the groove h olding one end of the glass hair, 
and allowed to dry for 20 minutes. After that, the glass 
ha1r was out with soi ssors t o  5-6 mm. in length. The glass 
hair then held its position firmly, even when heated above 
70° c. After mounting, the glass hair must be ear�ful.ly 
centered. Both mounting and centering were done under a 
microscope which must have a cross hair on 1ts objective 
lens (F1g. 5). Centering was achieved by adjusting the 
screws of the sample holder until the axis of the g1ass 
hair exactly coincided w1 th the axis of rotation of the 
holder. After centering, the tip of the glass hair, about 
2 mm. 1n length, was QOated, by means of a soft copper wire 
ot 0.1 mm. in diameter, with a small amount of non-drying
glue (stop grease cello-seal. diluted with oil). The layer 
ot glue has to be thin and unitorm. The tip of the hair 
carrying the glue was then dipped into the chromium powders, 
12 
Figure 5. (1). set up tor mounting, centering and coating 
of the glass hair o.oe mm. in diameter; 
(2). Long screw for adjusting the tip of the 
�ec1men holder; (3). Camera cover in the frame; 
(4)� .Aluminum toil tor coating the glass hair
w1 th powder�
which was on the end of a thin triangle-shaped piece of 
aluminum toil. The fine powder adhered tightly to the 
glass hair especiall.y at·ter being rotated in the powder� 
The diameter et the whole sample, 1nolud1ng the glass hair, 
was about 0�12 to 0�2 mm. (r1g. e) The glass hair holding 
the powder rotates w1 th the camera holder in the camera
during the time of exposure by X-rays� It 1s important to
get a thin, uniform, and well centered powder mount, be­
cause this reduces the Width of the X-ray diffraction lines
and their positions can be measured more accurately�
Figure 6. Powder mount 0.12 mm� in diameter. 
13 
EQUIPMENT USED FOR X-RAY DIFFRACTION 
1. The X-ray Camera
The precision camera used is shown in Fig. 7 and a.
It was of a oyl1ndr1cal type with a diameter of 64 mm. 
X-ray films of a size 3 x 18 om. were used in this camera.
The films were located in the asymmetric manner which has 
the following advantages: 
(1). Both, all fl'Ont and back diffraction lines, are 
simultaneously recorded on one film. 
14 
(2). The effective circumference of the film can be 
oaJ.oulated from each film independently after its 
measurement. Thus errors due to incorrect know­
ledge of the diameter of the camera, and due to 
film shrinkage, are eliminated. 
(3). No standard substances are necessary for camera 
calibration. 
(4). The method is, therefore, absolute, as the abso­
lute value of the lattice constants can be deter­
mined from the films themselves. 
(6). Further, because of the careful construction of 
the camera and because of the very thin sample, 
the error due to eccentricity is largely mini­
mized. 
(6). The error due to absorption of X-rays is greatly 
reduced, especially in the high back reflection 
region (75°-90°) where the.shift of the lines 
due to absorption can be entirely neglected. 
) 
\ 
I , ) .- I 
F1gure 7. View of the outside of the precise camera. 
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Figure e. The precision camera. 
(Dimensions are given in mm.) 
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2. X-ray Mach1.ne and Temperature Control. System
X-ray Machi.ne. A orysta111ne substance can diffract
X-rays and produce a sufficient number of diffraction 11.nes,
if the wave 1ength of the X-ray beam used 1.s smal.1e r than 
the 1att1ce spacings of the crysta111.ne substances. By 
ohang1ng the target of the tube, X-ray beams of different 
wave l.engths can be obta:1ned. The targets are made of 
different metaJ.s, such as chrom1.um, mo1ybdenum, iron, ecpper, 
nickel, and coba1t, and are ooo1ed w1.th wat�r during the 
operation of the X-ray tube. The X-ray machine used 1n tlns 
l.aboratory was manufactured by the P:1cker X-ray Corp., and 
was designed for the production o� soft rad�at1.on X-rays. 
The machine 1s equipped with a c1ock-sw1.teh which shuts off 
the machine 1.� the fl.ow of cooling water to the target 1.s 
by some means d1soont1.nued. Tb.1.s deviee protects the tar­
get of �he X-ray tube �rom damage, as wel.l ae the who1e 
machine. 
Temperature Oontro1 System In the determ1.nat1on o� 
1att1ce constants ld..th h1ghest precision, an exact k.now--
1edge of the temperature of the samp1e 1.s 1mportant. It 
shou].d be o1ose1y contro11ed, be cause sma11 temperature
f1uotuat1ons affect the magnitude of the lat tice spacings.
A sma11 change of temperature, even 0.1 ° C, can 1nf1uence
the 1att1ce constant 1.n the fifth decimal. p1aee. There�ore,
precision determination must b e  conducted w1th thermostats,
as the room temperature may vary by some degrees during the
occas1ona11ong exposures. One more.application of the
18 
thermostat is to change the temperature at certain inter­
vals in order to determine the variation of 1attioe con­
stants with temperature and to compute the th�rmal. expansion 
coefficient of the substance. In the present investigation, 
the temperature of the specimens was oontro11ed by a temper­
ature control system which consists of three int�gra1 parts, 
name1y, the the rmostatic Jacket in whJ.oh the camera was 
placed, the thermostatic bath, and the cooling water bath. 
The thermostatic Jacket is a metallic container with 
a door, and having water channels of 12 mm. in diameter 
bored lengthwise through the container's wal.ls. The first 
step was to lock the camera in the Jig, thus obta1.n1ng a 
good heat exchange (Fig. 9). 'l'h�n the whole was p1aoed in 
the Jacket (Fig. 10), and secured to the bottom of the 
Jacket by means of a set screw� The temperature of the 
Jacket (¥1.th the cam�ra inside) was maintained by a water 
stream o� constant temp�ratur�, oircu1at1ng from the thermo­
static bath up through the channe1s in the wal.1s of the 
Jacket. The coo1ing water bath was only used when working 
below room temperatures. Two d.1ametrioal1y opposite holes, 
as inlets and out1ets for X-rays were provided in the 
Jacket. Two more holes were dri11ed on the right hand side 
ot the Jacket; one of these holes being used to insert the 
shaft tor the rotation of the sample inside of the camera 
(connected by means of a �ork with the cam of the cam�ra
shown in Fig. 9, (3) ) and the other hole for inserting a
thermometer into the thermostatic Ja�ket. A thermometer
19 
Figure 9. The camera locked in a metallic jig tor t1Xing 
in the thennostatic Jacket. 
(1). Fluorescent camera screen on the exit port 
ot X-rays; (2). The jig; (3). The cam of the 
specimen-rotation shaft; (4). T he set screw 
for adjustment of the position of the specimen. 
Figure 10. The camera p1aced 1n the thermostatic jacket 
with door removed. 
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(1.). CaJ.1brated thermometer; (2). Magn1f'y1ng 
1ens for reading the thermometer sca1e. 
with an accuracy of 0�2° C was used in order to measure the 
accurate temperature of the camera and samp1e inside the 
Jaoket. After the door of the Jacket was o1osed (Fig. 11)� 
the equipment was 1eft unt11 the inside of the Jacket ("With 
the 1oaded camera) had reached the requi.red temperature. 
Then 1t was iett for an additional. hour to  be sure that the 
samp1e inside the camera had assumed the same temperature 
as shown by the thermometer. 
The constant tempe rature in the jacket was maintained 
by a ciroul.ating thermostatic bath which was a five gal.lon 
porcelain water container. The temperature of the water 
Figure 11� A v�ew of the thermostatic Jacket with the 
door elosed. 
(l)� Pu11ey for rotation of specimen;
(2). Rubber hoses tor oiroul.ating water of a
constant temperature into the Jacket�
22 
c1rcul.at1ng through tk jacket was contro11ed by an immer­
sion-type, adjustable contact ·thermoregu1ator connected 
with a Fisher-Serfass e1ectronio re1ay. This bath was 
connected with the ohanne1s of the Jacket by one-ha1f inch 
inside diameter rubber hoses� Du.ring the work, the water 
ot the bath was continuously pushed through the channe ls 
o-r the Jacket by means of a centr1fugal pump, whose speed 
coUl.d be regul.ated w1 th a variab1e transformer. As the 
o1reul.at1on of the water agitated the bath, no stirrer was 
necessary. The bath was heated by an adjustabl.e 600 watt 
heater. For work�ng above room temperature, the heater 
was p1ugged into the proper socket of the re1ay, and the 
thermo-regulator then maintained the desired temperature 
in the thermostatic jacket. Under these oond1tions, the 
air of the room acted as a cooling medium. The thermo­
regu].ator Just mentioned had a sensitivity of 0.02° F, 
over a range o� 50° to 200° F. Figure 12 shows the centrif­
ugal pump (a), the thermoregu1ator (b), and the heater (o), 
on the cover of the thermostatic bath (B), and oontro11ing 
devices on the switchboard (E). 
The exposures were required to be made be1ow room 
temperature, a coo11ng water bath (Fig. 12 0) was used. 
The bath consists of a poroe1a1n water container connected 
with an adJustab1e refrigerator (Fig. 12 D) and was used 
to keep the temperature of the bath B below that. of the 
room. The temperature of the said bath. was regu1ated by 
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Figure 12. The arrangement of the complete X-ray diffrac­
tion unit. 
(A).. Thermo static Jacket w1 th the camera inside; 
(B). Thermostatic bath; (C). Cooling water bath; 
(D). Refr1�erator; (E). Switchboard; 
(a) and ( d). Oentrifugal pumps;
(b). Thermo-regu1ator; (o). Heater� 
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a one-hal.f inch copper coll, through which coo11ng water 
was driven by a second pump (Fig. 12 d)� The speed of this 
pump cou1d also be regulated by a var1ab1e rheostat. For 
working below room temp�ratures, the pump was plugged into 
the other socket of the e1ectronic re1ay and now air of 
the room acted as the heating medium� The thermo-regulator 
worked as wel1 as it did for temperatures above room temper­
atures. 
3. Comparator
The purpose of measuring positions of diffraction lines 
on the X-ray films 1s to oaJ.cul.ate Bragg ang1es, and then 
the lattice constant of the samp1e. The comparator is the 
mechan1oa1 device used tor measuring the X-ray fi1ms and is 
supp11ed with an exact micrometer screw. 
'l'he comparator (Fig. 13) used in this laboratory was 
manUfactured by D. Mann of L1nco1n, Massachusetts. It has 
a travel11ng oarr1age, and a microscope in a fixed frame 
mounted above the carriage. The microscope, of a 1ow magni­
fication, has an obJeot1ve lens with cross hairs. Th9 screw 
has a p1 tch or 1 mm.,· and the m1orometer drum, connected. 
to the screw has 1000 divisions. By this device, the posi­
tions of the diffraction 11nes, if they are sharp enough, 
can be measured with an acouraoy of 0.001 mm. The t1lm has 
to be adjusted correctly on the oarr1age by means of two 
screws. An adjustment is oorrect when the center ot the 
cross hairs were exactly on the central line of the film. 
./ / / _,,, _ .-- - r , ,  ..-- .,,. ,  _ ,,,, _ ,,,,,,
"'- ' '- .... ..... ..... ' ' 
Figure 13. The Comparator. 
(1). Microscope; (2). Film for measuring; 
(3). M1crometer drttm� · 
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INDEXING AND MEASURING THE FILM 
1� Theory 
As mentioned above, the purpose of making and measur­
ing the X-ray films is to find the Bragg angle � of the 
diffraction lines and to oalculate the exact 1att1oe oon-
stant of the substanoe. The diffraction phenomena oan be 
explained by the fam111ar Bragg equation:
N >,.., = 2 d Si.n e • • • • • • ( 1 )
In th1s equation, N (the order of d1ffraot1on), A (the 
wave length of the X-ray), and e (Bragg a.ng1e of the dif­
fraction spots) are used to find the value for£, which is 
the interplanar spaoing of the substance und�r investiga­
tion; a has a close relationship to.!! (lattioe constant), 
according to the equation: 
J h2 ... k2 ... 12 
d_= a • • • • • ( 2)
By substituting equations (2) for� in (3), Bragg formula 
for the calcul.ation of lattice constants is obtained: 
a =  AJ h
2 + k2 ... 12
2 Sine 
• • • • • (3)
In (3), the order ot refraction is al.ready mult1p11ed by 
corresponding crysta11ograph1o indices. This equation 
c1early shows that for the precise determination of lat­
tice constants, the accuracy of A dep�nde only upon the 
ang1e L, as the oorreot M111er index is an integer, and 
oan be eorrect1y obtained, wh11e the wave 1ength used is 
already known and determined with greatest precision. 
2? 
Bragg angle � (or r& ) used 1n equation (3) can be 
either under sma:Ll ang1es in the front reflection or under 
large angles cp (or L{J ) in the back ref].ectioa (Fig. 14)� 
X-RAY
BACK-REFL TION 
Figure 14. The �1lm arrangement in the asymmetric method. 
� , the Bragg ref1�ct1on angle; 
<..p , the back ref'1ect1on angle. 
W'h.en Ji. is very large, 1.e., nearly 90°, a sma11 arror 1n­
measur1ng gives on1y a smal1 deviation in the value �or 
Sin S, and w111 not affect the precision of the lattice 
determination too much. So interferences under large-- Bragg 
angles 1n the back reflection region are necessary for the 
determination of preo1se lattice constants. One more ad­
vantage in using large glac1ng angle..§.. is to reduce the 
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error due to absorption nearly to zero, and therefore, the 
shift of diffraction 11nes· oan be entirely negl.ected. 
Figure 14 shows that </:>, the back ref1ect1on angle, is 
complementary to L which is the front r�fleotion ang].e. 
The Bragg formula for the oalcu.l.ation of lattice constants 
from baok reflection lines then becomes: 
\� h2 • k2 .a. 1 2 ( )a • • • • • • • 4 
2 Cos <I> 
where 4> • 90° - 8 
2. Indexing the Film and Selection of the Target
!he purpose of indexing the film is to find the Miller
1nd1ces of the diffraction lines, in order to determine the 
1att1ce constants of the specimen. Besides this, 1t a1so 
helps to t1nd the struoture typ� and the atomic position 
ot the sample. A convenient, graphical m�thod, based on 
. 
(9) the principle ot reo1prooa1 lattice, was used tor indexing
the cubic pattern in this researoh. In Figure 15 the oross 
seot1on ot the Debye-SCherrer camera is shown, indicating 
the path of the d1rect and reflected X-ray beams. From the 
figure, it fol1ows d1reot1y: 
x -rr = Sin & • • • • • • (5)
and t - S1n 6 (6) - • • • • • • 
Oons1der1 ng the inside wall of the camera as the sphere 
of retiection, the chord X ·represents the reciprocal lattice 
(9) Straumanis, M., Ze1t Krist, p. 104 1 167, 1942
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X-RAY
Figure 16. Path ot the X-ray beam in a Debye-soherrer 
camera. 
e, the powder sample; 
X, vector ot the rec1prooa11att1ce; 
P, projection of the reeiproca1 l attice vector 
X on the diameter of the camera; 
r, radius of the camera. 
vector of the three dimensional reo1prooal 1att1ce. Thus, 
P 1s the proJec tion of X on the diameter of t he camera. 
From the Bragg equation� 
� = 2d Sin 6 , if N • 1 





w here Ih2 • 
• • • • • • ('7)
By various oomb1n1ngs of the equations (5) (6) and (7)", 
one can obtain, 
p :: r A
2 
2.. h22 2 a 
• • • • • • (8)
2 
As ff 1s constant for the part1ou1ar oub1o samp1 e and
radiations, it follows from equation (8):
P a k l:h2 • • • • • • (9)
Since the 1ength of P, as obtained :rrom other lines 
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on the ref1eot1on c1rc1e, is proport1ona1 to � h2, repre-­
sent1ng the integers 1, 2, 3, 4, etc., al.1 differences of 
the projection P of t he subsequent rec1proo a1 lattioe vec­
tors o:r a cubic substance are· equal. There are no corres­
ponding 11nes for � h2, which cannot be sp11 t into integers 
of squares. 
A refl.eotien e1rc1e on a bigger scal.e, corresponding 
to the inside wal.1 o-.t a Debye-Scher-rer camera, is shown 1.n 
Figure 16. As an ar bitrary camera, radius for copper ra�a­
t1on 100 mm� 
(io) was chosen, and the radii for other rad:1a-­
tions are obtained as fo1lows: 
2 
If' the sma11eet P is equal. to P 1 , resuJ. ting inm n 
lh a 1, then 
a •A)-. __ r_
Pm1n 
• • • • • • (10)





w1.l1 resuJ.t in a changed radius (r
2
) of the 
r�f1ect1on c1rc1e: 
• • • • • • (l.1)
(10) StraumatUs, M�, Am� Mineral.ogist, p. 37, 48, 1952




where r2, the radius· ot new radiation reflection
. o1role. 
r:i., t he radius ot cu-Ko( 1 radiation renec­
tion circle. 
�, the wave length of new radiation. 
/\J., the wave length of Ou-Ko( 1 radiation. 
It the radius of Cu-Ko(l radiation is taken as 100 mm., 
then for other radiations are obtained as follows: 
�l 
. 2 
For Ou-K 8 l' r2 • 100 x 2 
= 100 x (1, 5374) • 121� 3 mm. 
J'-- 2 (1.3894)
2 







= 100 x l :a 100 x • 45. 3 mm.
�2
(2.2850) 2
rz = 100 x 
2





In Figure 16, the reflection circles tor different 
radiations are drawn. A trial photograph was made w1 th Cr-­
radiation and so this reflection circle was taken as the 
base circle. The angles 2 & , as measured from the film, 
are tabulated in Table III. They start from the origin O 
and are proJected to a diameter of 200 mm� The distances 
from the origin O to the proJ eotion point e are divided into 
the largest possible division (equal Pmin), so that the 
end point ot any one proJeot1on from the origin O is an 
integral mul. tiple of P • This can be done by trial.. Themin 
nwnerioal number ot a proJeot1on· point is the �h2 ot the 
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Table III 
Values of the diffraction lines 
Cr- radiation 
No, of line 2 9 (degree) K-radiation !! !£ !. 
2 61.627 8 1 l O 
2 68.468 of.. l 1 0 
4 105.241 d-. 2 0 0 
6 124. 661 13 2 1 1 
6 152.885 cl.., 2 l l 
6 153.736 c:i.. 2. 2 l 1 
Miller indices of the corresponding reflection lines. 
Indexing of the film oan also be made mathematically as 
shown in Table IV, but it 1s not so convenient as the graph­
ioal method Just mentioned. In selecting a proper radia­
tion, the radiation whos� reflection c1role intersects 
closest to a P division is the best. In·Figure 16, the 
best radiation tor chromium is copper and next, chromium. 
The glacing angle due to the copper radiation, however, is 
too large, 1.0., nearly 90°, and is inside the collimator, 
and so oannot be seen on the film. Therefore, chromium 
was selected as the proper radiation in the measurements. 
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TABLE lV 
MkIHEMATICAL INDEXING METHOD OF PURE CHRCJv1IDM, CR-RADIATION 
No.of X a C alcu lated ir t Jc-t t
R-L Sin 6 d-
Jfff-= d bkl 
Line 8, 
1 68.464 
,0086 110 Id, 
2· 76.052 34.229 o.56260 2.0311 2.0347 1.8494 1.4-180 1.4145 1.5662 2.0101 2.0008 2.4218 110o(. J
3 83.054 62.621 o.79463 1.4378 1.4403 1.3091 2.0011 1.9982 2.1986 4.0068 3.9928 4.8334 . 200 cl., 
4 61.428 62.331 0.88664 1.2900 1.2923 1.1746 2.2310 2.2270 2.4602 4.9774 4.9696 6.0036 211 s, 
6 30.158 76.428 o.972oe 1.1753 1.1774 1.0102 2.4487 2.4444 2.6898 6.9961 5.9761 7.2318 211 d., 
6 29.179 76.868 o.97386 1.1732 1.1762 1.0682 2.4531 2.4489 2.6943 6.0177 5.9971 7.2693 211 �l 
• 0.45007, oalcula ted by the same method aa in Table v.
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3. Measurement of the Film
Diffraction lines on.the film are measured by a oom-
parator, as mentionAd before. Eaoh pair of lines was carA­
tUlly measured three times in order to eliminate thP- visual 
error, and the average value used to calculate the Bragg 
angle G. How to calculate can b� �xplained by a simple 
sketch as shown in Figure 17. 
front reflect.ion back reflection 
�� b --)-t<----- c ----�>y ..... ..:�-d � 





0 I .. 
Figure l?. Schematic diagram of a simplified asymmetric 
powder pattern. 
x' 
Suppose A, B, and C, D, are the corrP,sponding pairs of 
lines, appearing in front-rP-flection and back-reflection 
regions. These rings are not oiroular, yet they are sym­
metrical to the outlet and inlet holP-s I and O on the 
film, al though the symmetry lines of each pair of renec­
tion may, or may not, coincide with the exact centers of 
the hol�s. The line X-xl in Figure 16 represents a milli­
meter scale, on which the film may b� laid flat. Such a 
film is measured as fo1lows: The effective film c1roum­
ferenoe is equal to .(XD t XO') - (XE'+ XX)• 20I • 360° ; 
assuming that (XD + fa) - (Xi
f 
+ XI) :: 200 mm., and l mm. 
on the film will be equal to 1.8 degree. As the angle 
measured is four times the glacing angle, so the factor 
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F = 1, e • 0.45 will be obtained for conversion of the meas-
4 
ured angQJ.ar distances on the film into degree, in term 
of glac1ng angles. For example, if the distance between 
the lines of an interference pair is 10 mm., then the 
glaoing angle is 10 x o.�5 = 4.5 degrees. If the angle is 
in the tront reflection region, then it is B and is equal 
to 4.6 degrees. If' the interference lines are in the back 
renection region, then the angle measured is ¢ = 4.5 °
degrees. The f'ront reflection angle for the same pair 
then will be: 8 = 90 - 4.5 = 86.5 degrees, because such a 
line lies in the back reflection region� The back reflec­
tion angle, tor the interference 2 11 o(1, was used for the
determination of lattice constants ot chromium. An X-ray 
powder photograph. of this metal is shown in Figure 18, and 
its measurement and cal.cUlation is given in Table V� 
,, OB 
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Chromium Radiation Room Temperature 
Front Reneotion Back Reneotion 
w.(8) s. (c1.) m. Ce() v.w. (13) v. s. (o<.1)
110 110 200 211 211 
86.985 90.790 (D) 194.271 183.560 167.825
18.521 14.737 ( C) 111.217 122.oso 137.667
105. 506 105. 527 D+C 305.488 (305.640) 305.492 
105. 516(Ave. :S.A) 305.488(Ave.I)l.0) 
305.488 - 105.516 = 199.972 mm. • 360°
l mm. • 1. 80028° ( 4 <P )
or, 1 mm. • 0.45007° ( ¢) = F
68.464 76.053 D-C mm_ 83. 054 61.480 
30.814 34.229 cf>o 37. 380 27. 670





















X-ray photographs to detenn1ne the exact va1ue of the
lattice constant of chromium were made with chromium pow­
der, at ten degree intervals between 10° and 50° C. For
each sample, three photographs were taken at every tempera­
ture, and the average value of the three lattice constants 
was considered to be the correct constant at that tempera­
ture. The lattice constants of four chromium samples are 
listed in Tables VI to X and the changes ot the lattice 




















Lattice Constants ot Electrolytic Chromium 
at Different Temperatures 
40 
Temp f211«1 
Lattice Constants Lattice Constant 
A in kX 
(00) in degrees in kX (Aferage) 
13.0 13�548 2.87870 
13.0 13.570 2.8?897 2.87886 
13.0 13. 567 2.97891 
20.0 13. 578 2.87905 
20.0 13. 580 2.8?908 2.87905 
20.0 13. 5?6 2.87903 
30.0 13.584 2.87911 
30.0 13. 593 2.87923 2.87918 
30.0 13�590 2.87920 
40.0 13. 591 2.87920 
40.0 13. 607 2.87941 2.8?928 
40.0 13. 592 2.87923 
50.0 13.593 2.87923 
50.0 13.625 2.87962 2.87947 
50.0 13. 620 2.87956 
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TABLE VII 
Lattice Constants ot Sintered Electrolytic Chromium 
at Different Temperatures 
Film Temp. 













in degrees in kX 
13� 563 2.97888 
13.554 2.87876 
13. 566 2.87891 













Lattice Constan ts of Iodide-Cr Low in Metallic 
Impurities at Different Temperatures 
Film Temp. 
-f21.1o( 1 
Lattioe Constants Lattice Constant 
No. (oa) in degrees in kX 
h in kX
( verage) 
756 11.6 13.569 2.87894 
757 11.7 13.555 2.87876 2.87885 
758 11.7 13.561 2.87885 
763 13.0 13.569 2.87894 
754 13.o 13.543 2.87864 2.87874 
755 13.0 13.554 2.87876 
759 20.0 13.587 2.87917 
760 20.0 13. 554 2.87876 2.87898 
761 20.0 13.576 2.87903 
765 30.0 13.591 2.87920 
766 30.0 13.682 2.87911 2.87913 
767 30.0 13.580 2.87908 
762 40.0 13.599 2.87929 
763 40.0 13.573 2.87901 2.87916 
754 40.0 13.587 2.8791'7 
768 50.0 13.605 2.97938 
769 50.0 13.609 2.87944 2.87937 
770 50.o 13. 597 2.87929 
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TABLE IX 
Lattice Constants of Iodide-Or Low in Non-Metallic 
Impurities at Different Temperatures 
Film Temp. Lf 211o1., Lattioe Constants Lattice Constant A in kX 
No. ( 0 0) in degrees in kX clverage) 
787 13.0 13. 551 2.87873 
786 13.0 13. 553 2.87876 2.87876 
785 13.0 13.556 2.87879 
'183 20.0 13. 576 2.87903 
782 20.0 13.579 2.87905 2.97902 
781 20.0 13. 570 2.8789? 
780 30.0 13. 577 2.87903 
779 30.0 13. 588 2.87917 2.8'1909 
778 30.0 13. 581 2.87908 
777 40.0 13. 594 2.87923 
776 40.0 13. 591 2.97920 2.87921 
775 40.0 13. 590 2.87920 
774 50.0 13. 606 2.87938 
773 50.0 13. 613 2.87947 2.87945 
772 50.0 13. 616 2.87950 
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TABLE X 
Lattice Constants of Four Chromium Samples 
at Different Temperatures 
Sample 50° 0 
Electrolytic 2.87886(13° ) 2.87905 2.97919 2.87928 2.87947 
Sj_ntered 
Eleotrolyt1c 2.87885(10° ) - - 2.87906 - - 2.87951
Iodide 





2.87876(136) 2.87902 2.'87909 2.87921 2.87945 
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2. Coefficient of Expansion
The coefficient of thermal. expansion ot chromium was
calculated from the average lattice constants at different 
temperatures, using the following equati on: 
at - 8t 2 1
• • • • • • (12)
d., being the linear coeffici ent of thermal. expansion 
at2 
being lattice constant at temperature t2
at1 
being lattice constant at temperature t1
The accurate ooetf1c1ent ot thermal lattice expansion is 
obtained by taking the average vaJ.ue(il) of a11 possible 
oomb1nat1ons of lattice constants at 10°, 20° , 30°, 40°, 
and 50
° O� This value is considered to be the most prob­
able ooeft1c1ent ot therma1 expansion of the respective 
samples between 10° and 50° a. The method ot calculation 
is shown in the sample of sintered electrolytic chromium: 








830 : 2. 87905, 8:to - 2.e7aa5 
• 2!87951 - 2.97905:
2. 8'7905 x 20
• 2.97951 - 2.87885 •
2.87885 x 40 
• 2.87905 - 2.87885 •
2.87885 x 20 
(11). Straumanis, M., anorg Ohem., p. 238, 175, 1938. 
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Average o((io-50) 
• i (7.99 + 5.73 + 3.47) • 5.73 x io-6
The average coef'f'1o1ents of thermal expansion ob ta.1ned 
for four different chromiwn samples, ranged from 4�92 x 
10-
6 
to 6.14 x 10-6, between the temperature range of 10°
and 50° O, as shown 1n 'l'a�les XI to XV. These figures are 
veey close to the resul. ts obtained by Hid.nert, (S) rang:1.ng 
from 5.2 x 10-6 to 6.6 x 10-6 in the temperature range of
20° and so0 o. Neither 1nf1eot1on points near 38° a, aa 
obtained by MacNa1r, <
2
> nor a minimum in the ooeft1o1ents




Coef't1o1ent of '!hermal Expansion of Eleetrolytic Chromium 
Between 13° and 50° a. see Tab le VI. 
Combinations .6 t d... � 10-6 
50 - 40 10 s.eo
50 - 30 20 5�04 
50 - 20 30 4�96 
50 - 13 3'7 5.73 
40 .. 30 10 3.47 
40 - 20 20 3.99 
40 - 13 2'7 5.40 
30 - 20 10 4.51 
30 - 13 ]. '7 6�54 




Coefficient of Thermal Expansion of Sintered Electro1yt1c
Chromium Between 10 - 50° a. see 'l'ab1e VII. 
Combinations .At f::1( • 10-6
50 .. 30 20 7.99 
50 - 10 40 5�73 
30 .. 10 20 3.47 
Average 5.73 
TABLE XIII 
Coefficient of Thermal. Expansion ot Iodide-Chromium 
(Low Metallic) Between 12° and 50° c. see Table VIII. 
Combinations 
50 - 40 
50 - 30 
50 - 20 
50 - 12 
40 - 30 
40 - 20 
40 - 12 
30 - 20 
30 - 12 


























Coettio1ent ot 'fherma.1 Expans1G>n of Iodide-Chromium 
(Low Non-Metal11o) Between 13° and 50° C� 
Combinations 
50 - 40 
50 - 30 
50 - 20 
50 - 13 
40 - 30 
40 - 20 
40 - 13 
30 - 20 
30 - 13 
20 - 13 
Average 
























Ooetf1o1ent of Thermal Expansion of Four Different 
X1nds of Chromium Bamp1es Between 10° and 50° c.
52 
Chromium Sample Ave. ooeff. of expans1onol. x 10-6
Electrolytic 5.66 
Sintered eleotrolyt1o 5.73 
Iodide (low metallics) 4.92 
Iodide (low non-meta111cs) 8.14 
Average 5.59 
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The nuctuations of the 1attice constants can now be
determined by means of the expansion coefficient (Tab1e XV) 
after the reduction to 20° of the constants shown in Table







• • • • • • (13)
Sintered electro1yt1o chromium is taken as an example 
(see Tab1e VII and Table XII): 
at �8.t At a200 in kX
For 10° c, a •  2.87885 1- 0.00016 - 2.87901 -
For 30° c, a = 2.87905 ,. 0.00016 - 2.87889-
For 50° c, a •  2.87961 • 0.00050 = 2.87901
Average vaJ.ue - ! (2.87901 � 2.87889 + 2.87901)
= 2.87897 + 0.00005
Figures tor the other three kinds of chromiu m samples are 
l.isted in Table XVI. 
3. Correction of Refraction and The Precise Lattice
Constants
From a measured glacing ang].e e ,  not the actua1 
lattice constant, but a 1itt1e smaller va1ue obtained due 
to the deviation from Bragg's Law. These deviations are 
greater, the lower the order of the diffraction. The 
(12) 
corrected Bragg Equation, as derived by Ewa.1.d, may be·
(12). Wien, w., Handb. d. Experimental Phys.�- p. 24, 94, 1930. 
written a s tollows: 
or, tor more convenient use: 
• • • •  (15) 
where: ao, corrected constant 
aN, experimental constant 
N ' or der of d1t:tract1.on 
f , density of the orysta1 
Ih2, quadratic sum of the M111er indexes 
Equation (15) is valid on1y �or the symmetrical ret1ec­
t1on. The ealoulation tor the refraction correction 1s 
as follows: 
In this experiment, a = 2.87942, P = 7, N • 1, zh2 • 6
8<> • 2.87942 (1 � 51 4 x (21 87942}
2 x 7 10-e
1 x 6 
2.87942 -(1 + 0.0000522) 
2.87942 + 0.00015 
2.97957 
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so o.00015 was taken as the oorreetion tor refraction� 
Figures atter correction of retraction for tour different 
kinds of samples are tabulated in Table XVI, and. these 
figures represent the preoise lattice constants of chrom1wn 
at 20° a. Moreover, as Barrett (l3) pointed out that the 
(13). Barrett, c. s., Structure of Metals, McGraw-Hill, 
Hew York, P• 160, 1952. 
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retraction shou1d be omitted in lattice constant ·determina­
tion, the correction tor retraction in Tab1e XVI is there­
fore added separately, so that the uncorrected figure is 
al so available. 
Table XVI shows that the precise lattice constant o-r 
eleotrolyt1c chromium at 20° C is 2.87914 kX ! 0.00005, 
and ot iodide chromium at 20° C, 2.87908 k:X ! 0�0000�� 
These figures are very close to F1ne•a 2.87900 kX at 20°
C and to Wood's 2.8796 kX at 10° ·c. As iodide chromium is 
purer than electrolytic chrcmium (see Tab1e II), the 1att1ce 
constant of the iiormer is SJna1ler. So the lattioe constant 
ot pure ehromium becomes larger if impurities are present� 
TABLE XVI. 
The Precise Lattice Constants of Four Different Chromium Samples 
i1nd ot Samllle Temp. ( ) 
Reduce to 











































































































1. Correction ot Absorption
Using the equipment and procedures outlined above, 
X-ray films were taken of four different chromium samples,
three films measured, and_the lattice constants calculated. 
If smaller glac1ng angles in the front refl.eot1on ·region are 
used, then smaller lattice constants than the aotual values 
are obtained, due to absorption. Consequently, in these 
cases it is necessary to make a oorreot1on for absorption 
1n order to get the correct lattice constants. In the pres­
ent 1nve•tigat1on, a plot was made of lattice constants 
against different glacing angles, as shown in Figure 23. 
The relation between the lattice constant and ang1e of re­
flection was not linear, but was a curve, with the lattice 
constants changing rapidly at small angles, and remaining 
nearly horizontal from 75° to 90°. The curve shows that 
the constant, obtained by extrapolation to 90°, falls com­
pletely within the range of fluctuations ot the constants, 
as calculated from the d1ffraot1on lines (211) ol.. 
1 and o( 2
• 
Therefore, there was no need tor an absorption ·correction 
for the lattice ca1culated. 
2. Calculation ot Atomic Weight
Though the lattice constants of chromium samples could 
be obtained with great accuracy, without using any standard 
substance, the accuracy ot the absolute value of these 
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lattice constants can be tested by  calculat ing the atomic 
weight, from the l attice constants obtained, and the densit� 
ot the respective substances. By comparing the resulting 
X-ray density atomic weight with its ohemioal weight,  a con-
clusion concerning the precision of the X-ray method can be 
drawn. The atomic weight was calculated from the tormula: 
Ax• KNsvf • • • • •
where Ax= X-ray atom1o weight (g/mol) 
• (18)
K • 1.0002 (factor resulting trom the correc-
tion of the molecular weight of calcite) 
N8 • 6.0594 x 10
23 (Siegbahn1 s Avogadro number)
V • Volume of the unit cell (ltX3 x 10-24)
d = Density (g/oc) 
N = Number of atoms per unit cell. 
Now, lattice constant of electrolytic chromium at 20° • 
2.87915 kX, d = 7.03 g/oo, N • 2. Theretore,
Ax• 1.0002 x 6.0594 x 1023 x (2.87915) 3 x 7�
03 •
50. 83 g.
The chemical atomic weight of chromium is 52.01 g. The 
difference between the two figures is probably due to the 
incorrect value �or the specific gravity of chromium, con­
cerning which until now no accurate data have been published. 
Otherwise, it woul.d mean that there are vacancies in the 
chromium crystals. So the va1ue of lattice constant of chrom­
ium can not be checked in this way, because of the 1nsutt1-
ciently accurate density value. 
3. Calculation of X-ray Density
80 
The correct density ot chromium, assuming that there 
are no imper:reotions in chromium crystals, can be oal.ou1ated 
from the chemical atomic weight, and the precise lattice 
constant. For this x�ray density of chromium, the same 
equation (16) oan be usedt 
where 
Therefore, 
dx = AN 
KN8V
• • • • • • (17)
�=X-ray density (g/co) at 20
° 0









= 6.0594 x 1023 
• (2.87916 kX)3 x 10-24 at 20° C
= _______ 5_2�,�0�l_x __ 2 __ x __ l�0-2_4 ___________ 
1.0002 x 6.0594 x 1023 x (2.8?915)
3
7.1913 g/oc instead of 7.03 g/cc. 
as obtained using roue,h dens1 ty measurements� 
•
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1. Each of tour different pure ohrom1wn samples was thor­
oughly ground, placed in a quartz tube, the tube evac­
uated, then sealed, and the whole treated at 850° 0
tor two and a half' hours.
2. Tije tine powder in the heat treated sample, which would
pass a 325 mesh screen, was used tor the preparation ot
a sample f'or X-ray diffraction.
3. The powder patterns were indexed and a target of proper
wave length seieoted, so that sharp diffraction lines
with the largest possible glao1ng angles could be obta1ne�
This radiation was that of' chromium.
4. Next, the diffraction lines obtained were used to oal­
oulate the lattice constants ot the sample.
5. Due to the ve17 thin powder sample and large glacing
angle, the absorption correction was neglected.
6. A refraction correction ot 0.00015 kX was calculated
and oan be added to the final resu.J.ts if necessary (see
Table XVI).
?. The lattice constants obtained at 20° C were 2.8?914 kX 
!0.00005 tor eleotrolytio chromium, and 2.8?908 kX
�0.0000? tor iodide chromium (see Table XVI)� 
a� The average ooett1c1ents ot expansion caloulated ranged 
trom 4.92 x 10-6 to 6.14 x 10-6 within the temperature 
range ot 10° to 50° C (see Table Xi). 
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9. The oa1oulated atomic weight of chromium was 50.63 g.,
showing the incorrect density previously determined.




Film Measurements. The individual line readings and 
lattice constant caJ.ou1ations from all films measured during
experiments are recorded below. Cr- radiation is used.. Two 
sets of lines in the front refleotion, namely (110)�, (110)8,
and two sets of lines in the baok reflection, namely (2ll)o(1,
(21.1f!"2, are measured and (2ll)o(1 is used to calculate the
lattice constant of chromium. 
1. Electrolytic Chromium
Film #788 Temperature 13° C 
l.73.392 !: 143.336 :a 316.727 
316.729 30.057( <P) 172.907 + 143.824 = 316.731 
Line read 96.550 + 20.509 = 117.059 
117•06692.748 + 24.325 • 117.073 
Circumference 199.663 
F • 0.45076, 1° • 13.548, Cos<:/:>= o.97217, a• 2.87870
Film #789 Temperature 130 C 
174.357 ! 144.192 • 318.549 
318.544 30.165( cp)173.853 � 144.686 • 318.539 
Line read 97.283 � 21.188 • 118.471 118•47893.487 + 24.997 • 118.484 
Circumference 200.066 
F: o.44985, c:t:P: 13�570, Cos¢: o.97208 , a• 2.87897 
Film #790 Te�erature 13
° C 
174.132 _ 143.984 :a 318.115 
318.113 30.148( ¢) 173.652 + 144.458 � 318.110 
Line read 97.129 • 20.979 a 118.108 
93. 307 � 24.812 = 118.119 118.113 
C1roumrerenoe 200.000 
F • 0.45000, <J;9 = 13.567, Cos 1> = 0.97210, a• 2.87891 
Film #791 Temperature 20° C 
172. 945 ! 142. 775 = 315. 720 315. 719 30.170( <P ) 172.457 � 143.260 � 315.717 
Line read 95.918 • 19.824 • 115.742 115•74592.098 • 23.649 • 115.747 
Circumterenoe 199.974 
F • o.45006, ct,0 = 13.578, Cos¢• o.97205, a= 2.87905 
65 
Film #792 Te�erature 20
° C 
174.024 - 143.857 = 317.881 317.881 30.16?( ¢)173.562 + 144.319 = 317.881 
Line read 97.013 + 20.935 • 117.948 
93.216 � 24.750 • 117.966 117.967 
Circumference 199.924 
F • 0.45017, cp0 a 13.580, Cos<:/>• 0.97204, a• 2.87908 
Film #793 Temperature 20° C 
174.100 � 143.922 :a 318.022 30.178(<P)
173.633 +. 144.399 = 318.032 318.027 
Line read. 97.015 � 20.940 • 117.955 
93.235 � 24.733 . 117.968 117.962 
Ciroumferenoe 200.065 
F = 0.44985, cp0 • 13.576 1 Coscp = 0.97206 1 a• 2.87903 
Film #794 Temperature 30° C 
173.715 ! 143.533 • 317.248 30.182 
173.210 � 144.032 • 317.242 317.245 
Line read 96.668 T 20.601 � 117.269 117•279 92.870 • 24.419 = 117.289
C1roumferenoe 199.966 
F = o.46008, <Po • 13. 584, Cos <:/> • o. 97203, a :: 2. 87911 
Film #795 �em�erature 3o
° C
174.387 _ 144.232 a 318.619 318•614 30.155173.879 + 144.730 • 318.609 
Line read 97.468 + 21.496 = 118.954 
118•95293.658 + 25.291 a 118.949 
Ciroumferenoe 199.662 
F = 0.45076, 4>0 a 13.593, Cos¢• 0.97199 , a• 2.87923 
Film #796 Temierature 30
° C 
174.634 - 144.513 = 319.147 319.150 30.121 174.164 + 144.989 = 319.153
Line read 97.773 • 21.901 = 119.674 
93.976 T 25.697 : 119.673 119.674 
Circumference 199.476 
F = o.45118, q;,0 = 13.590, Cos q:, • o.97200, a = 2.87920
Film #797 Temperature 400 C 
175.061 ! 144.840 = 319.901 319.906 30.221 
174.57? + 145.333 • 319.910 
Line read 97.943 • 21.835 = 119.778 
119•780 94.149 + 25.633 • 119.782 
Ciroumference 200.126 
F = o.44972, c1:>0 • 13.591. Cos 1 • o.97200, a• 2.87920
Film #798 Temferature 40
° C
170.584 _ 140.345 = 310.929 310.929 30.239170.081 + 140.847 • 310.928 
Line read 93.503 • 17.416 = 110.919 110• 92189.709 � 21.213 • 110.922 
Ciroumrerenoe 200.ooe
F = 0.44998, ¢0 • 13.607, Cos</)• 0.97193, a• 2.87941 
Film #799 Temperature 40° C 
172.744 t 142.604 • 315.348 
315.382 30.140 172.276 + 143.079 :s 315.355 
Line read 95.836 � 19.937 • 115.773 115•780 92.061 � 23.726 • 115.787 
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. Circumference 199.572 
F • 0.45097, cJ:,0 · = 13.592, Cos<:b • 0.97199, a •  2.87923
Film #800 Temperature 50° C
175.�88 % 145.438 = 321.026 30.150 
175.127 .ea 145.9S7: 321.024 321.026 
Line read 98. 6182 T 22. 712 = 121. 394 
94.�89 + 26.512: 121.410 121.402
l Circumference 199.623 
F = o.450861 p0 = 13.5931 Cos<:/>• 0.971991 a =  2.87923 
Film #801 Temperature 50° 0
174.020 ! 143.803 • 317.823 30.217 
173.538 � 144.295 • 317.833 317.828 
Line read 97.067 + 21.167 • 118.234 118 232 93.273 + 24.957 • 118.230 • 
Circumference 199.596 
F • o,45091, <1:,0 a 13.625, Cos cf.>• o.97186, a• 2.87982 
Film #802 Temperature 50° C 
173.710 ! 143.507 • 317.217 317.221 30.203 173.229 • 143.996 = 317.224 
Line read 96.772 + 20.860 • 117.632 
92.985 • 24.657 • 117.642 117.637
O Circumterenoe 199.584 
F = 0.45094, ¢ • 13.620, Cos cf:, • o. 97188, a • 2.87956 
II. Sintered Electrolytic Chromium
Film #811 Temperature 10° C
174.460 % 144�286 • 318.746 318.746 30.174 
Line read 97.352 + 21.172 = 118.524 
93.663 � 24.956 • 118�619 118.522 
Circumference 200.224 
F = 0.44950, q::,0 ra 13.563, Cos 4> • o.97211 1 a • 2.87888 
Film #810 Temperature 10° C
174.710 � 144.573 • 319.283 319.283 30.137 
t1ne read 97.665 + 21.500 • 119.155 119•162 93.850 + 25.319 = 119.169 
Circumference 200.121 
F = o.449?3, c:p0 • 13.554, Cose/'• o.9?215, a •  2.87878 
Film #809 Temperature 10° C
175.743 ! 145.582 • 321.325 321.325 30.161 
Line read 98.702 • 22.525 = 121.227 
94.875 + · 26.361 = 121.236 121.232 
Ciroumterence 200.093 
F • o.44979, 4>0 • 13.566, Cos¢• o.9'7210, a •  2.8'7891 
Film #808 Temperature 30° C 
175.424 � 146.224: 320.648 320.648 30.200 
Line read 98.304 • 22.199 • 120.503 
94.501 + 26.020 D 120.521 120.512 
Circumference 200.136 
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F • 0.44969, ¢0 • 13.581, Cos¢ • 0.97204, a • 2.87908 
Film #807 Temierature 30
0 C
174. 316 - 144. 203 a: 318. 519 318. 519 30.113
Line read 97.4C5 + 21.361 • 118.766 
93.618 � 25.167 • 118.785 118.776 
Circumference 199.743 
F = 0.45058, ¢0 • 13.668, Cos¢• o.97209, a =  2.87894 
Film #806 Temperature 30° C 
175.570 ! 145.390 = 320.960 320.960 30.180 
Line read 98.540 + 22.499 = 121.039 
121•039 94.734 � 26.305 = 121.039 
Circumference 199.921 
F = o.45018, c:t:>0 • 13.586, Cos¢= 0.97202, a =  2.87914 
Film #805 Te�erature 50
° C
175.370 - 145.17? • 320.547 320.547 30.193 
L1ne read 98.460 � 22.559 • 121.019 
121•025 94.670 + 26.360 • 121.030 
Ciroumference 199.522 
F = o.45108, <1>0 • 13.619, Cos¢• o.97188, a •  2.87956 
Film #804 Temperature 500 C 
174.054 ! 143.869 • 317.923 317.�23 30.185
Line read 97.143 + 21.244 = 118.387 
93.�73 + 25.018 = 118.391 118.389
01rcumferenoe 199.534 
F = o.45105, cf:>O = 13.615, Cos¢• o.97190, a •  2.87950 
Film #803 Tem2erature 500 C
1?5.106 - 144.853 • 319.959 30 253 
174.634 • 145.315 • 319.949 319.954 
• 
Line read 98.011 • 21.917 = 119.928 
119•935 94.218 + 25.723 • 119.941 
crroumferenoe 200.019 
F • o.44996, c1>0 = 13.613, Cos¢• o.97191, a •  2.87947 
III. Iodide Chromium (Low Metal.lie)
Film #756 Temperature 11.6° C
173.335 ! 143.175 • 316.510 
316.515 30.170172.85� • 143.677 = 316.520 
Line read 96.253 • 20.137 = 116.390 
llS.�-02 92.483 + 23.930 = 116.413 
Circumference 200.113 
F • o.44975, <tP = 13.569, Cos¢= o.97209, a •  2.87894 
Film #757 Temperature 11.7° C
171.042 % 140.903 • 311.945 30.139 
170.526 � 141.423 • 311.949 311.947
Line read 93.963 + 17.858 • 111.e21 
111•83090.176 + 21.662 • 111.838 
Circumference 200.117 
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172.785 __ 142.613 • 315.398 315.395 30.172172.266 + 143.126 • 315.392 
Line read 95.690 + 19.447 = 115.137 115•151 91.874 + 23.290 = 115.164 
01roumferenoe 200.244 




175.664 - 145.507 • 311.171 311.174 30.157175.170 � 146.007 • 311.177 
Line read 98.640 • 22.soe • 111.148 
94.BlO + 26.353 • 111.163 111.156
Circumference 200.018 




173.187 _ 143.079 = 316.266 316.262 30.108172.675 • 143.582: 316.257 
Line read 96.142 + 20.031 • 116.173 116•18592.340 + 23.857 • 116.197 
Circumference 200.077 




171.696 - 141.574 • 313.269 2 30.121 171.191 + 142.084 = 313.275 313. 72
Line read 94.703 • 16.568 • 113.261 
90.905 � 22.371 • 113.276 113• 269
Circumrerence 200.003 
F = o.44999, ¢0 = 13.554, Cos¢= o.97215, a =  2.87876 
Film #759 Temoerature 20° C
173.620 ! 143.4�2 • 317.052 30 188 
173.095 + 143.952 = 317.047 317.050 • 
Line re.ad 96.584 � 20.496 • 117.080 
92.776 � 2,.320 = 117.096 117.088
Circumference 199.962 
F = o. 45009, ct,0 • 13. 587, Cos cp • o. 97201, a • 2. 87917 
Film #7&J Temperature 200 C 
173.407 ! 143.274 • 316.681 316.684 30.133 172.926 � 143.761 • 318.687 
Line read 96.365 � 20.231 • 116�596 116•602 92.564 + 24.051 • 116.615 
Circumference 200.082 
F = o.44982, ¢0 • 13.554, Cose/>= 0.97216, a •  2.87876
Film #761 Temperature 20° C 
173.605 t 143.431 = 317.036 30 174317.036 • 173.090 + 143.946 = 317.036 
Line read 96.534 + 20.459 = 116.993 
92.740 + 24.270 = 117.010 117.002 
Circumference 200.034 
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F = o.44992, ¢0 • 13.576, Cos i> • o.97206, a= 2.87903
Film #765 Te�erature 30
° C
173.84? _ 143.670 = 317.517 317.514 30.177 173.330 � 144.180 • 317.510 
Line read 96.863 + 20.806 • 117.668 
93.080 • 24.595 • 117.675 
117.672 
Circumference 199.842 
F • o.45036, ct>°• 13.591, Cos¢= o.97200, 
Film #766 Temperature 30° C 
a• 87920 
174.031 ! 143.887 = 317.918 3 Q2 30.144 173.517 + 144.404 = 317.921 17.� 0
Line read 97.084 + 21.087 = 118.171 118•178 93.275 + 24.910 = 118.185 
F = 0.45058, O 
Ciroumference 199.742 
cp = 13.582, Cos¢ • o.97203, a •  2.87911 
Film #767 Temperature 30° C 
173.862 ! 143.710 • 317.572 30.152 
173.353 • 144.210 • 317.663 317.567 
Line read 96.873 + 20.852 • 117.725 117•733 93.055 + 24.685 • 117.740 
Circumference 199.834 
F = o. 45037, c1,0 • 13. 580, Cos ¢ • o. 97204,
Film #762 Temperature 490 C 
a= 2.87908 
174.936? 144.705 = 319.640 319.645 30.230 174.434 • 145.215 • 319.649 
Line read 97.800 + 21.765 = 119.565 
93.990 • 25.595 = 119.685 119.6?5 
Circumference 200.070 
F = o. 44984, q:,o • 13. 599, Cos ¢ • o. 97197, a = 2.87929
Film #763 Temperature 40° C
171.659 t 141.473 = 313.132 30.186 
171.180 + 141,.956 • 313.136 313.134 
Line read 94.553 + 18.417 = 112.9?0 112•980 90.756 • 22.234 • 112.990 
O Circumference 200.154 
F = 0.44965, ¢, = 13.573, Cos¢• o.97207, a• 2.87901 
Film #764 Te�erature 40
° C
171.888 _ 141.672 • 313.560 
�1� �63 30.216 171. 4.-00 ... 142.165 = 313. 565 V V• · 
Line read 94.745 + 18.665 = 113.410 
90.932 � 22.483 = 113.411 113.413
Ciroumferenoe 200.150 
F • o.44966, ¢ 0 • 13.587, Cos c/> • o.97201, 
.r 
a • 2.87917 
Film #'?68 Temperature 50° C 
173.608 � 143.445 • 317.053 30.163
173.110 + 143.935 • 317.045 317.049 
Line read 96.725 + 20.775 • 117.500 
92.915 + 24.610 • 117.525 117.513
70 
Circumference 199.5�6 
F = 0.45105, <tP • 13.605, Cos¢>• o.97194, a • 2.87938
Film #769 Temoerature 50° C 
173.327 � 143.192: 316.519 30 135
172.792 + 143.718 = 316.510 316.515 • 
L1ne read 96.614 • 20.712 • 117.226 
92.731 + 24.502 • ll?.233 117.230 
Circumference 199.285 
F = o.45161, <t:,0 = 13.609, Cos¢• 0.97192, a= 2.87944 
Film #7?0 Temperature 50° C 
172.685 ! 142.565 • 315.250 315.254 30.120 172.200 • 143.058 = 315.268 
Line read 95.840 + 20.034 = 115.874 
92.042 + 23.852 • 115.894 115.884 
) Ciroumferenee 199.370 
F = o.45142, ¢0 • 13.597, Cos¢• o.97197, a= 2.87929 
IV. Iodfde Chromium (Low Non-Metallic)�
Film #787 Tem�erature 13
° O 
173.338 - 143.303 = 316.641 316 646 30.035172.862 
� 
143.789 = 316.651 • 
Line read 96.488 20.684 7 117.172 117·17592.688 24.490 = 117.178 • 
Ci.rcumfere.nee 199�471 
F = 0.45119, cp0 • 13.551, Cos¢= o.97216, a •  2.87873
Film #786 Te�erature 13
° O 
176.356 _ 146.312 • 322.668 322.672 30.044175.883 4 146.793 • 322.676 
Line read 99.525 + 23.619 = 123.144 
95.761 + 27.403 = 123.164 123.154 
0 
�iroumferenoe 199.518 
F = o.45109, </:> = 13.553, Cos¢ :s o.97215, a• 2.87876 
Film #785 Temperature 13° C 
173.972 t 143.910 D 317.882 317.886 30�062 173.506 + 144.384 • 317.890 
Line read 97.122 � 21.169 = 118.291 
93.342 + 24.968 = 118.310 118.301 
Ciroumferenoe 199.685 
F = o. 45094, q,O • 13. 556, Cos¢ • o. 97214, a • 2. 87?79
Film #783 Temperature eo° C 
175.046 ! 144.941 = 319.987 
319.986 174.584 + 145.400 = 319.984 




F = 0.45096, ¢,0 :a 13. 576, Cos cp a o. 97206, a =  2.87903 
Film #782 Temferature 20° C 
175.684 _ 145.532 = 321.216 321.219175.189 T 146.032: 321.221 
Line read 98.674 + 22.697 = 121.371 
94.865 + 26.520 = 121.385 121.378
Circumference 199.841 
F = o. 45036, ep0 = 13. 579, Cos¢ a o. 97205,
Film #781 Temperature 20° C 
30.152 
a • 2.87905 
174.925 % 144.706 • 319.531 
319.527 30.119174.321 + 145.202 • 319.523 
Line read 97.8?0 • 21.900 = 119.770 119•77694.054 + 25.728 = 119.782 
O 
Circumference 199.751 
F • o.45066, ¢ = 13.570, Cos¢= o.97208, a = 2.87897 
Film #780 Temperature 30° C 
173.728 ! 143.613 = 317.341 30.115 
173.245 + 144.100 • 317.345 317. 343
Line read 96.909 + 20.905 = 117.714 
93.016 + 24.700 • 117.716 117.715
Circumference 199.628 
F = o.45084, c;:P • 13.577, Cos¢ • o.97206,
Film #779 Temperature 30° a
a a 2.87903
173.688 % 143.552 • 317.240 30 136 
173.236 • 144.014 :a 317.250 317.245 • . 
Line read 96.763 • 20.875 = 117.638 
117•63692.970 � 24.664: 117.634 
O Circumferenc
e 199.609 
F = o.45088, ¢ = 13.588, Cos <f; • o.97201, a •  2.87917 
Film #778 Temper�ture 30° C 
173.?75 � 143.668 = 317.343 
317.
3
47 30�107 173.320 � 144.130 • 317.450 
Line read 96.841 + 20.980 = 117.821 
117•83193.074 + 24.766 • 117.840 
Circumference 199.516 
F = o. 45109, q;,O • 13. 581, Cos ti> • o. 97204, a =  2.87908 
Film #777 Temperature 40° C 
174.765? 144.622 = 319.387 
319.392 30.143174.310 + 145.086 = 319.396 
Line read 97.853 + 21.962 • 119.815 
119•82094.070 � 25.755 • 119.825 
Circumference 199.572 
F = 0.45097, ¢0 • 13.594, Cos¢= 0.97199, a • -2.87923
Film #??6 Temnerature 40° C 
171.461 ! 141.324 • 312.785 
l?l.000 � 141.788 • 312.788 312.787
Line read 94.573 + 18.649 = 113.222 




F = o. 45099, q:,0 = 13. 591, Cos 4> • o. 97200, a • 2.·87920
Film #7?5 Temperature 40° C 
174.095 � 143.949 a 318.044 
318•050 30.146173.591 + 144.464 = 318.055 
Line read 97.175 + 21.223 = 118.398 
93.370 + 25.032 • 118.402 
118.400
. Circumference 199. 660
F = 0.45079, t:i>0 • 13.590, Cose$• 0.97200,
Film #774 Temperature 50° C 
175.025 ! 144.879 • 319.904 
319.902174.518 + 145.382 a 319.900 
Line read 98.150 •- 22.314 = 120.464 
120•47294.346 • 26.134 • 120.480 
Circumference 199.430 
F = 0.45129, <t>0 a 13.605, Cos</;>= 0.97194, 
Temoerature 50° C 
a •  2.87920 
30.146 
a = 2.97938 
Film #773 
172.828 ! 142.655 • 315.483 315.483 30.173172.324 + 143.158 z 315.482 
Line read 95.918 + 20.083 • 116.001 
115•99692.096 + 23.895 • 115.991 
Circumference 199.487 
F = 0.45116, ¢0 • 13.613, Cos<p: 0.97191,
Film #772 Temperature 50° C 
a • 2.87947 
172.799 ! 142.611 • 315.410 315.415 30.188172.353 + 143.06? • 315.-420 
Line read 95.868 + 20.011 � 115.879 116 873 
92.068 + 23.798 • 115.866 
• 
Ciroumferenoe 199.642 
F :a o.45103, cp0 = 13.616, Cos¢= o.97190, a • 2.87950 
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